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Natural ventilation in tropical greenhouse is a common method for ventilation which 
gives higher inside temperatures compared to the outside temperatures. This type of 
ventilation is not enough to reduce high temperature inside the structure in low land 
areas. Thus the requirement of cooling is increased. Use of fossil fuel to run the 
cooling fans are not economically viable due to increasing fuel cost and greenhouses 
are not always located near the electrical grid. The objectives of this research was to 
study the inside microclimate of the greenhouse, the natural ventilation of the 
greenhouse, the evaporative cooling system by means of misting fans and to study 
the use of  photovoltaic (PV) as an alternative energy source to cool down the 
greenhouse. This study presents the theoretical and experimental results of the in-
house microclimate, ventilation rate induced by stack effect, wind effect and 
combination of both stack and wind effects for naturally ventilated single and multi-
span tropical greenhouses, effect of height and plants on inside temperature and 
ventilation rate. Ventilation rate induced by the stack effect was found to increase 
with increasing temperature difference between inside and outside of greenhouse 
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structures according to power law, with an index of 0.5. The wind effect ventilation 
rate was found to increase linearly with increasing outside wind speed.  Ventilation 
rate inside single span structure (smaller floor area) was higher than in multi-span 
structure.  This was due to that the fast movement and air exchanges in single span 
structure. However, the bigger floor area gives higher in-house temperatures. Inside 
temperature and outside wind speed were calculated to verify the mathematical 
models which were developed. This method was used because of the difficulty to use 
tracer gas method in porous large scale greenhouse structures. The comparison 
between calculated and measured inside temperature showed there was no significant 
difference between them. The effect of height on ventilation rate is also crucial in 
greenhouse design. The ventilation rate increases with the increasing height (distance 
between the middle of the side opening and the middle of the roof opening) of the 
structure. Ventilation rate inside the house with plant was found lower than inside the 
house without plant. This was due to the temperature difference between inside and 
outside structure. Evaporative cooling by means of misting fans in single span was 
also presented in this study. Four misting fans were used to cool the greenhouse. 
They were installed two meters above ground with two fans near the southern 
sidewall and two fans in the middle of the greenhouse operating from 10:00 am to 
16:00 pm daily. Data was collected from three rows with total 57 points inside the 
greenhouse. The distance between points was 2.5 m along the length of the 
greenhouse. The data was processed using GIS (Geographic Information System) to 
model the inside temperature and wind speed. The temperature inside the greenhouse 
with fans was found to be lower than that without fans, while the inside relative 
humidity of the air was found to be higher in the greenhouse with fans than that 
without and the outside. However these values of relative humidity lie at the 
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optimum value that is less than 90% which do not give negative effect on the plants 
inside the structure. Based on the results, the contours and 3D maps of the in-house 
temperature and wind speed distribution in the single span greenhouse were 
developed. The efficiency of misting fans was lower than the previous studies. This 
was due to the usage of misting fans in porous naturally ventilated greenhouse, while 
the previous studies were carried out in closed greenhouses and glasshouses. 
Photovoltaic (PV) hybrid system design and simulation was discussed in this study. 
The results show that PV system would be suitable to supply electricity to cover the 
load requirement without purchasing energy from grid, and the battery state of 
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Kajian ini mengemukakan keputusan eksperimen dan teori di dalam mikro-cuaca, 
kadar pengudaraan oleh kesan tindakan longgokan (stack), kesan angin dan 
kombinasi kedua-dua longgokan dan kesan angin untuk satu pengudaraan semulajadi 
dan rumah hijau tropika pelbagai-rentang (multi-span), kesan ketinggian dan 
tanaman ke atas suhu dan kadar pengudaraan. Kadar pengudaraan didorong oleh 
kesan longgokan didapati meningkat dengan peningkatan perbezaan suhu antara di 
dalam dan di luar struktur rumah hijau berdasarkan peraturan kuasa, dengan indeks 
0.5. Kesan udara ke atas kadar pengudaraan didapati meningkat selaras dengan 
peningkatan kelajuan angina di luar. Kadar pengudaraan di dalam satu rentang 
struktur (kawasan lantai kecil) adalah lebih tinggi berbanding struktur pelbagai-
rentang. Ini disebabkan pergerakan pantas dan pertukaran udara dalam struktur satu 
rentang. Walau bagaimanapun, luas permukaan lantai yang besar memberikan 
peningkatan dalam suhu. Suhu dalam dan kelajuan angin di luar telah dikira untuk 
mengesahkan pemodelan matematik yang telah dibangunkan. Kaedah ini telah 
digunakan kerana kesukaran dalam penggunaan kaedah gas penyurih dalam skala 
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besar poros struktur rumah hijau. Perbandingan di antara kiraan dan ukuran suhu di 
dalam telah menunjukkan tiada perbezaan ketara di antaranya. Kesan ketinggian ke 
atas kadar pengudaraan adalah sangat penting dalam rekabentuk rumah hijau. Kadar 
pengudaraan meningkat dengan pertambahan tinggi struktur binaan (jarak antara 
bukaan tepi di tengah dan bukaan bumbung di tengah). Kadar pengudaraan dalam 
rumah dengan tumbuhan di dapati lebih rendah berbanding dengan tanpa tumbuhan 
di dalamnya. Penyejukan sejatan secara semburan kipas berkabus dalam satu span 
juga dibentangkan dalam kajian ini. Empat kipas berkabus telah digunakan dalam 
penyejukan rumah hijau. Kipas tersebut telah dipasang dua meter di atas tanah 
dengan dua kipas berdekatan dinding tepi selatan dan dua kipas di tengah rumah 
hijau, beroperasi dari pukul 10 pagi ke 4 petang setiap hari. Data dikumpul dari 3 
barisan dengan jumlah 57  titik dalam rumah hijau. Jarak antara titik adalah 2.5 m 
sepanjang jarak rumah hijau tersebut. Data diproses menggunakan model GIS 
(Sistem Maklumat Geografik) bagi suhu di dalam dan kelajuan angina. Suhu di 
dalam rumah hijau dengan kipas didapati lebih rendah tanpa kipas, sementara 
kelembapan relatif udara di dalam adalah lebih tinggi di dalam rumah hijau dengan 
kipas berbanding tanpa kipas dan di luar. Walau bagaimanapun, nilai kelembapan 
relatif berada dalam nilai optimum di mana ia kurang dari 90% dan tidak 
memberikan kesan negatif ke atas tumbuhan di dalam struktur. Berdasarkan 
keputusan, kontur dan peta 3D bagi suhu di dalam rumah hijau dan taburan kelajuan 
angin dalam rumah hijau satu rentang telah dibangunkan. Kecekapan kipas berkabus 
didapati lebih rendah berbanding kajian terdahulu. Ini disebabkan penggunaan kipas 
berkabus dalam pengudaraan poros semulajadi dalam rumah hijau, sedangkan kajian 
terdahulu telah dijalankan dalam rumah hijau tertutup dan rumah kaca. Sistem hibrid 
fotovoltik (PV) dan simulasi juga telah dibincangkan dalam kajian ini. Keputusan 
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telah menunjukkan system PV adalah lebih sesuai untuk membekalkan keperluan 
elektrik bagi memenuhi beban tanpa membeli tenaga dari grid dan keadaan bateri 
























ACKNOWLEDGEMENTS   
 
First of all, I thank Almighty Allah for his bounty help and guidance without which 
none of this work could have been accomplished. 
 
This work was accomplished with great help of several individuals. Of them, I would 
like to express my great appreciation to my supervisory committee chairman Dr. 
Abdul Rashid bin Mohamad Shariff, Associate Professor and Head, Department of 
Biological and Agricultural Engineering (2001-2006), Faculty of Engineering, 
Universiti Putra Malaysia for his supervision and instruction, also for his helpful 
advice, constant encouragement, and valuable guidance throughout the course of this 
thesis and during the preparation of this manuscript.    
 
The help from my committee members Professor Dr. Ir. Desa bin Ahmad, Dr. 
Rimfiel bin Janius, Department of Biological and Agricultural Engineering, 
Associate Professor Dr. Ishak bin Aris, Department of Electrical and Electronic 
Engineering, Faculty of Engineering, Universiti Putra Malaysia. I also thank them for 
their guidance, helpful advice and encouragement during my study. 
 
I wish to express my great thanks to Dr. Rezuwan bin Kamaruddin, Mechanization 
and Automation Research Center, at Malaysian Agricultural Research and 
Development Institute (MARDI) for his helpful advice, guidance and in imparting 
valuable knowledge to me through the experiments carried out during this research.  
My great thanks also go to Mr. Ghazali Kassim, technician of Spatial Information 
Engineering Laboratory, Biological and Agricultural Engineering Department, 
 ix
Faculty of Engineering, Universiti Putra Malaysia and Mr. Zulkefli Abdul Rahman,  
Mechanization and Automation Research Center, at Malaysian Agricultural Research 
and Development Institute (MARDI) for their help throughout this research. Special 
thanks also to Dr. Hasfalina from the Biological and Agricultural Engineering 
Department, Faculty of Engineering, Universiti Putra Malaysia for her help in 
translating the abstract of this research to Bahasa Melayu and to Mr. Shareef 
Abdubari Ali Kassim for his help in computer programming.  
 
Finally, I wish to express my great thanks and love to my parents, my wife, my 
children, Abdullah and Hadil,   brothers and sisters for their deep encouragement 














I certify that an Examination Committee has met on 07/02/ 2007 to conduct the final 
examination of Faisal Mohammed Sief Al-shamiry on his doctor of Philosophy thesis 
entitled Modeling of Evaporative Cooling System in Naturally-Ventilated Tropical 
Greenhouses in accordance with Universiti Pertanian Malaysia (Higher Degree) Act 
1980 and Universiti Pertanian Malaysia (Higher Degree) Regulations 1981. The 
Committee recommends that the candidate be awarded the relevant degree. Members 
of the Examination Committee are as follows: 
 
Nor Mariah Adam, PhD 
Associate Professor 
Faculty of Engineering 
Universiti Putra Malaysia 
(Chairman) 
 
Krishnan Vijayaraghavan, PhD 
Lecturer  
Faculty of Engineering 
Universiti Putra Malaysia 
(Internal Examiner) 
 
Mohd. Amin Mohd. Soom, PhD 
Professor 
Faculty of Engineering 
Universiti Putra Malaysia 
(Internal Examiner) 
 
Juan Ignacio Montero, PhD 
Professor 
IRT Center de Cabrils 




             ________________________________
   HASANAH MOHD GHAZALI, PhD 
 Professor/Deputy Dean 
 School of Graduate Studies 
 Universiti Putra Malaysia 
 
      Date: 







This thesis submitted to the Senate of Universiti Putra Malaysia and has been 
accepted as fulfilment of the requirement for the degree of Doctor of Philosophy. 
The members of the Supervisory Committee are as follows: 
 
Abdul Rashid Mohamed Shariff, PhD 
Associate Professor 
Faculty of Engineering 
Universiti Putra Malaysia 
(Chairman) 
 
Ishak Aris, PhD 
Associate Professor 
Faculty of Engineering 
Universiti Putra Malaysia 
(Member) 
 
Rimfiel Janius, PhD 
Lecturer  
Faculty of Engineering 









AINI IDERIS, PhD 
Professor/ Dean 
School of Graduate Studies 
Universiti Putra Malaysia 
 














I hereby declare that the thesis is based on my original work except for quotations 
and citations which have been duly acknowledged. I also declare that it has not been 








          _______________________________________  





















TABLE OF CONTENTS 
                  Page 
ABSTRACT             ii 
ABSTRAK             v 
ACKNOWLEDGEMENTS                  viii 
APPROVAL            x 
DECLARATION          xii 
LIST OF TABLES                        xvi 
LIST OF FIGURES                  xviii 
LIST OF PLATES                  xxiv 
LIST OF NOMENCLATURE                            xxv 
 
CHAPTER  
1 INTRODUCTION       1.1 
 1.1 Background       1.1 
1.2 Problem statement       1.2 
1.3 Objectives       1.3 
1.4 Scope of study        1.4 
1.5 Outline of the thesis       1.5 
 
2  LITERATURE REVIEW       2.1 
2.1 Inside micro-climate      2.1 
2.2 Natural ventilation       2.5 
2.2.1 Natural ventilation induced by stack effect   2.6 
2.2.2 Natural Ventilation induced by wind effect   2.8 
2.2.3 Tropical greenhouses               2.10 
2.2.4 Computer modeling of greenhouses            2.13 
2.2.5 Theory                           2.16 
2.3 Evaporative Cooling systems              2.20 
2.4 Renewable Energy               2.28 
2.4.1 Photovoltaic               2.29 
2.4.2 Hybrid system               2.31 
2.4.3 Economic estimation of photovoltaic hybrid  
            system                                                                       2.36 
  2.5  Statistic analysis               2.37 
   2.5.1 Mean                2.37 
   2.5.2 Standard Deviation              2.38 
   2.5.3 Standard Error              2.39 
   2.5.4 T-Test two sample for Mean             2.40 
   2.5.5 Regression               2.40 
 
3 MATERIALS AND METHODS     3.1 
3.1 Materials        3.1 
3.1.1 Study Area      3.1 
3.1.2 Greenhouse structure design    3.3 
3.1.3 Data Acquisition and Monitoring System (DASM)  
Development      3.9 
 xiv
   3.1.4 Calibration of Data Acquisition Equipments           3.15 
   3.1.5 Data collection              3.15 
3.2 Methods                3.16 
3.2.1 Inside micro-climate                         3.16 
   3.2.2 Natural ventilation                         3.18 
   3.2.3 Effect of plants on inside temperature and  
ventilation rate              3.28 
3.2.4 Evaporative cooling system by means of  
misting fans                   3.28 
3.2.5 Photovoltaic hybrid system                   3.39 
3.2.6 Analytical Tools              3.48 
 
 
4 RESULTS AND DISCUSSION      4.1 
4.1 Inside micro-climate      4.1 
41.1 Temperature      4.1  
4.1.2 Relative humidity     4.4 
4.1.3 Wind speed      4.7 
4.1.4 Light Intensity     4.9 
4.1.5 Carbon Dioxide              4.11 
4.1.6 Vertical Temperature distribution inside single-span  
greenhouse               4.12 
4.1.7 Horizontal temperature distribution inside    
single-span greenhouse             4.15 
4.1.8 Horizontal temperature modeling            4.19  
4.2 Natural ventilation               4.21 
4.2.1 Natural ventilation by stack effect            4.21  
4.2.2 Natural ventilation by wind effect            4.23 
4.2.3 Natural ventilation by stack and wind effects          4.26 
4.2.4 Comparison between measured and calculated inside
  temperature               4.27 
4.2.5 Comparison between measured and calculated  
ventilation rates              4.33 
4.2.6 Effect of height on ventilation rate            4.36 
4.2.7 Effect of plants on inside temperature and  
ventilation rate              4.39 
4.3 Cooling system               4.41 
4.3.1 Cooling system by means of misting fans with  
and without water              4.42 
4.3.2 Comparison between misting fans and natural  
ventilation systems              4.59 
4.3.3 Efficiency of evaporative cooling system           4.61 
4.4 Photovoltaic hybrid system               4.63 
4.4.1 Solar Radiation map                         4.63 
4.4.2 Photovoltaic system economic estimation           4.66 
4.5 Photovoltaic hybrid system simulation                        4.68 
  4.5.1 Hybrid system components             4.68 
  4.5.2 Sensitivity and optimization results (scenario 1)     4.71 
  4.5.3 Sensitivity and optimization results (scenario 2)     4.73 
   
 xv
5 SUMMARY AND CONCLUSIONS    5.1 
5.1 Inside Micro-Climate      5.1 
5.2 Natural Ventilation      5.2 
5.3 Evaporative cooling system by means of misting fans 5.5 
5.4 Photovoltaic hybrid system      5.8 
5.5 Contributions        5.9 
 
REFERENCES                   R.1 
APPENDICES                   A.1 






















LIST OF TABLES 
Table                  Page 
1.1  The mean annual values of parameters of a typical tropical climate  1.1 
2.1  The environmental requirement of selected temperate  
crops for optimum growth and maintenance of normal  
physiological  process       2.4 
 
2.2  Percentage of electricity generation based on fuel types in Malaysia             2.30 
 3.1  Dimensions of Naturally Ventilated Tropical Greenhouse  
Structures          3.6 
 
3.2  Summary electronic sensors in the Integrated Data  
Acquisition and Monitoring Systems for precision smart  
farming in tropical greenhouse               3.15 
 
3.3  Fan classification                 3.32 
 
3.4  Technical Specifications of Misty Air Atomizer             3.33 
 
3.5  The weather stations                 3.40 
 
3.6  The daily load estimation                 3.41 
 
3.7  The description of photovoltaic system                       3.41 
 
3.8  Search space alternatives (scenario 1)              3.47 
 
3.9  Search space alternatives (scenario 2)              3.47 
 
4.1  The average values of relative humidity                 4.4 
 
4.2  Horizontal air temperature of outside and inside the single span            4.16 
 
4.3  Regression equations showing effects of greenhouse size  
and temperature difference on ventilation rate              4.23 
 
4.4  Regression equations showing effects of greenhouse size and  
wind speed on ventilation rate               4.26 
 
4.5  Regression equations for ventilation rate by stack and wind effects          4.27 
 
4.6  Regression equations of measured and calculated temperature  
values in single, double, triple and quadruple-span structures           4.31 
 
4.7 Comparison between measured and calculated inside temperature  
in single, double, triple and quadruple span structures                 4.32 
 xvii
4.8  Regression equations of measured and calculated ventilation  
rates in naturally ventilated single, double, triple and quadruple-span  
structures                   4.34 
 
4.9 Comparison between measured and calculated ventilation rates  
in single, double, triple and quadruple span structures                          4.35   
 
4.10  Regression equations showing effects of vertical distance between  
ventilators and temperature difference on ventilation rate             4.38 
 
4.11  Regression equations showing effects of plants and temperature  
difference on ventilation rate                4.41 
 




















LIST OF FIGURES  
Figure                                                    Page 
3.1  Integrated Data Acquisition and Monitoring System            3.9 
 
3.2 Floating toolbar of PC208W                3.10 
 
3.3  Layout of the measurement system for vertical temperature           3.17 
 
3.4  Layout of the system in the experimental greenhouse  
for horizontal temperature distribution               3.18 
 
3.5  Computer program windows for ventilation rate calculation            3.26 
 
3.6  Algorithm of cooling system turn-on and turn-off process            3.29 
 
3.7  Layout of the cooling system in experimental   greenhouse to  
compare between misting fans and natural ventilation                                3.35 
 
3.8  Layout of cooling system in experimental   greenhouse to  
study the inside temperature and wind speed distribution                       3.36 
 
3.9  Layout of the cooling system in experimental   greenhouse to  
study cooling system efficiency                3.37 
 
3.10 PV /electric grid hybrid system               3.42 
 
4.1  Average Air Temperature of outside and inside the  
Single-span Greenhouses (120 m2 floor area)               4.3 
 
4.2  Effect of Single (500 m2 floor area), Double, Triple and  
Quadruple Floor Areas on In-house Average Air Temperature  4.3 
 
4.3  Average relative humidity of outside and inside  
the Single-span Greenhouses (120 m2 floor area)    4.6 
 
4.4  Effect of single, double, triple and quadruple floor areas  
on in-house relative humidity       4.6 
 
4.5  Average Wind Speed of Outside and Inside the Greenhouse  4.8 
 
4.6  Comparison between single, double, triple and quadruple-span 
Structures in terms of wind speed      4.8 
 
4.7  Light intensity of outside and inside greenhouses (120 m2 floor area)       4.10 
 
4.8  Light intensity inside and outside of single, double, triple and  
quadruple-span structures                                                                   4.10 
 xix
4.9  Average carbon dioxide of outside and inside greenhouses                      4.11 
 
4.10  Inside vertical temperature as a function of time for different  
heights                   4.12 
 
4.11a   Inside vertical temperature (Low Level)              4.14 
 
4.11b  Inside vertical temperature (Middle Level)                       4.14 
 
4.11c   Inside vertical temperature (Upper Level)                         4.14 
 
4.12  Inside and outside horizontal air temperatures as a function  
of time across the greenhouse                4.15 
 
4.13  Inside vertical temperature as a function of time for different  
heights                   4.17 
 
4.14  Inside vertical temperature as a function of time  
longitudinally                  4.18 
 
4.15  Inside vertical temperature as a function of time across  
the greenhouse                  4.18 
 
4.16  Contour maps of the horizontal inside air temperature  
distribution                   4.19 
 
4.17  Horizontal inside temperature distribution              4.20 
 
 
4.18  Effects of floor area and temperature difference  
on ventilation rate                  4.23 
 
4.19  Effects of floor area and wind speed on ventilation rate             4.25 
 
4.20  Ventilation rate in singe, double, triple and quadruple-span   
structures by stack and wind effects               4.27 
 
4.21  Measured and calculated temperature inside the single-span  
structure as a function of time               4.29 
 
4.22  Measured and calculated temperature inside the double-span  
structure as a function of time               4.29 
 
4.23  Measured and calculated temperature inside the triple-span  
structure as a function of day time               4.30 
 
4.24  Measured and calculated temperature inside the quadruple-span  
structure as a function of day time               4.30 
 
4.25  Summary of relationship between measured and calculated  
 xx
temperature inside single, double, triple and quadruple-span structures     4.31 
 
4.26 Summary of relationship between measured and calculated ventilation  
rates inside single, double, triple and quadruple-span structures           4.33  
 
4.27  Effect of height on ventilation rate for a single-span structure           4.36 
 
4.28  Effect of height on ventilation rate for a double-span structure           4.37 
 
4.29  Effect of height on ventilation rate for a triple-span structure           4.37 
 
4.30  Effect of height on ventilation rate for a quadruple-span structure           4.38 
 
4.31  Effect of plants on inside temperature              4.39 
 
4.32  Effect of plants on inside relative humidity              4.40 
 
4.33 Effect of plants on ventilation rate                4.41 
 
4.34a  The change of temperature along the length of the greenhouse  
from the southern sidewall to the middle of the greenhouse  
(without using water)                 4.44 
 
4.34b  The change of temperature along the length of greenhouse  
from the southern sidewall to the middle of the greenhouse 
 (using water)                  4.44 
 
4.35a  The change of temperature along the length of greenhouse  
from the middle to the northern sidewall of greenhouse  
(without using water)                 4.45 
 
4.35b  The change of temperature along the length of greenhouse  
from the middle to the northern sidewall of greenhouse (using water)       4.45 
 
4.36a  The change of wind speed along the length of the greenhouse  
from the southern sidewall to the middle of the greenhouse     
(without using water)                 4.46 
 
4.36b  The change of wind speed along the length of greenhouse  
from the southern sidewall to the middle of greenhouse (using water)       4.46 
 
4.37a  The change of wind speed along the length of greenhouse  
from the middle to the northern sidewall of greenhouse  
(without using water)                 4.47 
 
4.37b  The change of wind speed along the length of greenhouse  
from the middle to the northern sidewall of greenhouse (using water)       4.47 
 
4.38a  The change of average temperature and wind speed along  
the length of greenhouse from the southern sidewall to the middle  
 xxi
of the greenhouse (without water)               4.49 
 
4.38b  The change of average temperature and wind speed along  
the length of greenhouse from the southern sidewall to the middle of  
the greenhouse (with water)                4.49 
 
4.39a  The change of average temperature and wind speed along the  
length of greenhouse from the middle to the northern sidewall of the  
greenhouse (without water)                4.50 
 
4.39b  The change of average temperature and wind speed along  
the length of greenhouse from the middle to the northern sidewall  
of the greenhouse (with water)               4.50 
 
4.40a  Comparison between inside temperature and wind speed  
from the southern sidewall to the middle of the greenhouse  
(with and without water)                4.51 
 
4.40b  Comparison between inside temperature and wind speed from  
the middle to the northern sidewall of the greenhouse  
(with and without water)                4.51 
 
4.41a  Contour map of inside air temperature distribution (first half)           4.53 
 
4.41b  Contour map of inside air temperature distribution (second half)           4.53 
 
4.41c  Contour map of inside air temperature distribution              4.54 
 
4.41d  3D map of inside air temperature distribution (first half)            4.54 
 
4.41e  3D map of inside air temperature distribution (second half)            4.55 
 
4.41f  3D map of inside air temperature distribution              4.55 
 
4.42a  Contour map of inside wind speed distribution (m/s),  
(first half)                  4.56 
 
4.42b  Contour map of inside wind speed distribution (m/s), 
 (second half)                  4.56 
 
4.42c  Contour map of inside wind speed distribution (m/s)            4.57 
 
4.42d  3D map of inside air temperature distribution (first half)            4.57 
 
4.42e  3D map of inside air temperature distribution (second half)            4.58 
 
4.42f  3D map of inside air temperature distribution             4.65 
 
4.43  Relationship between outside and inside RH (%) with and  
without fans as a function of time               4.60 
 xxii
 
 4.44  Relationship between ambient air temperature ºC (Dry-bulb) 
 inside and outside the greenhouse with and without misting fans  
as a function of time                 4.60 
 
4.45  The change in the misting system efficiency as a function of time  
and air relative humidity                 4.61 
 
4.46 The change in ventilation rate as a function of day time                       4.62 
 
4.47  Monthly radiation data for Station between 1ºN and 3ºN            4.64 
 
4.48  Monthly radiation data for station between 4ºN and 7ºN            4.64 
 
4.49  Weather station of Peninsula Malaysia              4.66 
 
4.50  A primary solar map of Peninsula Malaysia              4.65 
 
4.51  HOMER implementation of the stand-alone hybrid energy  
system (scenario1)                 4.68 
 
4.52  HOMER implementation of the grid-connected hybrid  
energy system (scenario2)                 4.68 
 
4.53  Average daily radiation                4.69 
 
4.54  Photovoltaic unit cost                4.69 
 
4.55  Cost of battery                  4.70 
 
4.56  Cost of converter                 4.70 
 
4.57  Diesel generator cost curve                4.70 
 
4.58  Optimization results for solar radiation of 4.23 kWh/m2d  
and diesel price US$0.224/L                4.71 
 
4.59  Optimization results for solar radiation of 4.23kWh/m2d   
and diesel price $0.5/L                4.72 
 
4.60  Load, Photovoltaic power and diesel power              4.72 
 
4.61  Load and Photovoltaic (PV) power               4.73 
 
4.62  Optimization results for solar radiation of 4.2kWh/m2d,  
3.58kWh/m2d, and 4.78kWh/m2d               4.73 
 
4.63  Monthly average electrical production from Photovoltaic system           4.74 
 xxiii
4.64  Battery bank state of charge (SOC)               4.74 
 
4.65  Total electrical production                4.75 
 
4.66  Total capital cost                 4.76 
 
4.67  Total annualized cost                 4.76 
 
4.68  Total net present cost                 4.77 
 






















LIST OF PLATES 
Plate                  Page 
3.1  Aerial view of MARDI Serdang Selangor Malaysia    3.2 
3.2  The greenhouses in study area      3.2 
3.3  Single-span greenhouse with Tunnel-Roof                3.3 
3.4  Single-span greenhouse with Jack-Roof (120 m2 floor area)  3.4 
3.5  Single-Span greenhouse structure (500 m2 floor area)   3.4 
3.6  Double-Span greenhouse structure      3.5 
3.7  Triple-Span greenhouse structure      3.5 
3.8  Quadruple-Span greenhouse structure     3.5 
3.9  Outside sensors comprising of temperature, wind speed, relative  
humidity, light intensity and carbon dioxide              3.13 
 
3.10  Inside structure sensors comprising of temperature, wind speed, relative  
humidity, light intensity and carbon dioxide              3.14 
3.11  Inside structure sensors comprising of temperature, relative  
humidity and  light intensity and carbon dioxide             3.14 
3.12  Misting fans at 2 m above ground               3.32 
3.13  Power supply and control panel               3.33 
3.14  Mist fan with atomizer                3.34 
 
 
 
 
 
 
 
 
